SUMMARY This paper derives highly accurate and effective closedform formulas for the average upper bound on the pairwise error probability (PEP) of the multi-carrier index keying orthogonal frequency division multiplexing (MCIK-OFDM) system with low-complexity detection (i.e., greedy detection) in two-wave with diffuse power (TWDP) fading channels. To be specific, we utilize an exact moment generating function (MGF) of the signal-to-noise ratio (SNR) under TWDP fading to guarantee highly precise investigations of error probability performance; existing formulas for average PEP employ the approximate probability density function (PDF) of the SNR for TWDP fading, thereby inducing inherent approximation error. Moreover, some special cases of TWDP fading are also considered. To quantitatively reveal the achievable modulation gain and diversity order, we further derive asymptotic formulas for the upper bound on the average PEP. The obtained asymptotic expressions can be used to rapidly estimate the achievable error performance of MCIK-OFDM with the greedy detection over TWDP fading in high SNR regimes.
Introduction
Multi-carrier index keying (MCIK), key concept of which is the additional exploitation of the indices of active subcarriers to deliver the extra information bits, has been well applied to orthogonal frequency division multiplexing (OFDM) systems, referred to as MCIK-OFDM [1] . By adopting the MCIK-OFDM systems, the error rate performance and energy efficiency of the conventional OFDMbased system can be enhanced along with the complexity reduction. Furthermore, the upper bound on the bit error rate (BER) of the MCIK-OFDM system has been derived for both cases of perfect and imperfect detection of the active subcarriers indices [2] . Most variants of MCIK-OFDM have generally utilized the maximum-likelihood (ML) detection, regarded as the optimal detection. However, the implementation of the ML detection leads to the tremendous computational complexity. To tackle this problem, a greedy detection approach was developed in [3] , where a corresponding closed-form upper bound for the average pairwise error probability (PEP) was obtained. † The authors are with the Department of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, Korea.
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Recently, MCIK-OFDM with a greedy detector has attracted considerable attention as a promising technique for future low-complexity and power-constrained short-range device-to-device (D2D) communication systems [3] , [4] . However, such D2D communications, especially within the cavity structures (e.g., airframe, tunnel, etc.), are likely to undergo severe fading conditions worse than conventional Rayleigh fading, referred to as hyper-Rayleigh fading [5] , [6] . It is well-known that the two-wave with diffuse power (TWDP) fading model, introduced in [7] as highly flexible channel model, can appropriately characterize the hyperRayleigh fading behavior along with various realistic fading scenarios. In this regard, it is important to evaluate the effect of TWDP fading on the performance of MCIK-OFDM with a greedy detector. In [4] , the average upper bound on the overall PEP of MCIK-OFDM with a greedy detection in TWDP fading has been derived in closed-form. Furthermore, the average symbol error probability (SEP) formulas of MCIK-OFDM with a hybrid low complexity greedy detection have been obtained in [8] , which can be applied to the different modulation schemes. Specifically, the derived formulas in [4] were based on the approximate probability density function (PDF) of signal-to-noise ratio (SNR) for TWDP fading, given in [9] , rather than the exact one, thereby inherently possessing an unavoidable approximation error. Moreover, existing formulas in [4] do not provide any insights into how system and channel parameters affect the error performance of MCIK-OFDM with a greedy detection in TWDP fading. In particular, while existing formulas have been expressed in closed-form, the achievable modulation gain and diversity order cannot be quantitatively obtained from these formulas.
In this paper, by judiciously exploiting the exact moment generating function (MGF) of SNR for TWDP fading, we derive a more accurate and distinct closed-form formula for the average upper bound on the overall PEP of MCIK-OFDM with a greedy detection over TWDP fading, and then, corresponding formulas for the well-known special cases of TWDP fading (i.e., Rayleigh, Rician, and two-ray (TR) fadings) are also evaluated. Furthermore, for the first time, we extend the asymptotic PEP expressions of MCIK-OFDM with the greedy detector in the high SNR regime, from which asymptotically achievable error probability performances (e.g., modulation gain and diversity order) are quantitatively assessed, regarding both system and channel parameters. Subsequently, we can use the obtained asymptotic formulas as effective criteria to design system that can Copyright c 200x The Institute of Electronics, Information and Communication Engineers achieve the target error performance. Lastly, some numerical results are provided to validate the accuracy of our analysis presented in this paper.
System Model

MCIK-OFDM System
Let us consider the MCIK-OFDM system in which only L out of N subcarriers are activated for the data transmission, accompanied with the zero-padded N − L subcarriers, without loss of generality, assuming N > L > 0 [4] . N-length MCIK-OFDM signal block is presented as Then, the output signal of MCIK-OFDM at each transmission is represented as [4] 
where
is the frequency-selective fading channel coefficient, and n = [n(1), . . . , n(N)] denotes a complex additive white Gaussian noise (AWGN) vector with zero-mean and variance N 0 .
Channel Model
A TWDP fading channel model is considered, consisting of two specular components and diffuse components, as [7] 
where V k and θ k are the magnitude and phase of each specular component, respectively, and
is a zero-mean complex Gaussian random variable with average power 2σ 2 . The exact and approximate PDF of the instantaneous SNR, γ, for TWDP fading are respectively given by [9] , [10] 
is the average SNR with the symbol energy E s and the noise power spectral density
2σ 2 denotes the ratio of the whole specular power to the diffuse power, ∆ =
implies the relative power levels of the two specular components, I 0 (·) denotes the modified Bessel function of the first kind with zero order,
2M−1 , and M is the order of the approximate PDF for TWDP fading. The value of M is determined by the rule of thumb as M ≥ 1 2 K∆, where the exact coefficients a i corresponding to M are given in [7] .
Furthermore, the exact MGF of the SNR for TWDP fading is also expressed as [10] 
Error Probability Analysis
Note that we investigate the PEP, P(α →α), which stands for the probability of the pairwise error event that the inactive subcarrier indexα is incorrectly decided given that the active subcarrier index is α, where α α.
Exact Closed-form Expressions for the Average Upper Bound on the Overall PEP over TWDP Fading
By using the exact MGF of the SNR for TWDP fading, we can derive a more accurate closed-form formula for the upper bound on the overall PEP of MCIK-OFDM with a greedy detector (cf. refer to [3] for more detailed procedure of the greedy detection), whereas the authors in [4] adopted the approximate PDF for TWDP fading, instead of the exact one. A closed-form expression for the instantaneous PEP of MCIK-OFDM with a greedy detector is given by [4] 
where γ is relevant to the SNR of the active subcarrier. We can thus obtain the average PEP over arbitrary fading channels as
where M γ (s) denotes the MGF of the SNR for arbitrary fading channels. An accurate closed-form expression for the average upper bound on the overall PEP over arbitrary fading channels, thus, can be compactly formulated as
Therefore, an accurate closed-form formula for the average upper bound on the overall PEP especially in TWDP fading can be straightforwardly derived as
where M
T WDP γ
(s) is given in (5). We note that derived formula (i.e., (9) ) are more exact and explicit compared to the existing formula (i.e., (13) in [4] ) that is definitely susceptible to the value of M as well as corresponding approximation coefficient a i .
Additionally, based on the obtained accurate closedform expression in (9), we can further examine the error probability of the special cases of TWDP fading channels.
Rayleigh Fading
By setting K = 0 in (9), an average upper bound on the overall PEP in Rayleigh fading can be directly obtained in concise closed-form as
which concurs with (15) in [4] .
Rician Fading
For the case of Rician fading with ∆ = 0, (9) is reduced tō
We also note that (11) also coincides with (16) in [4] .
Two-ray Fading
Now, consider the TR fading scenario with the only two specular components of equal magnitude without diffused components (i.e., K → ∞ and ∆ = 1 in (3)). Thus, we can readily derive, from (9), an accurate formula for the average upper bound on the overall PEP over TR fading channels as
Here, it is apparent that our derived closed-form formula in (12), is more explicit and compact compared to (17) in [4] that involves the infinite series calculation in terms of approximation order of TWDP fading.
Asymptotic Analysis
To effectively evaluate the achievable modulation gain and asymptotic diversity order, we perform the asymptotic PEP analysis at sufficiently high SNR. By applyingγ → ∞ to (9), we have
→ K∆. Thus, we can derive the asymptotic formula for the average upper bound on the overall PEP in TWDP fading as
Then, considering the fact that the asymptotic error probability for large SNR can be represented asP
, where G and d denote the asymptotic modulation gain and diversity order, respectively, it can be easily observed from (13) that the achievable asymptotic modulation gain is
T WDP and the diversity order asymptotically becomes 1 (i.e., d T WDP = 1) for general TWDP fading channels.
Rayleigh Fading
Substituting K = 0 into (13), we can directly obtain the asymptotic formula for the average upper bound on the overall PEP in Rayleigh fading as
which indicates that G Rayleigh = I −1
Rayleigh and d Rayleigh = 1.
Rician Fading
In addition, setting ∆ = 0 in (13), we obtain the following compact asymptotic formula for the average upper bound on the overall PEP in Rician fading as
Thus, we obtain G Rician = I
−1
Rician and d Rician = 1.
Two-ray Fading
For the TR fading, however, due to the dual infinite conditions (i.e., K → ∞ andγ → ∞), the direct derivation of the closed-form asymptotic expression from (13) is intractable.
Hence, we introduce different approach for TR fading scenario. That is, we first apply K → ∞ and ∆ = 1 into (9), which leads to (12), followed by using the high SNR approximation (i.e.,γ → ∞). Then, by applying the series expansion as e −ax I 0 (ax) = 1 √ 2πax
1 + 1 8ax + · · · forγ → ∞, the closed-form asymptotic expression for the average upper bound on the overall PEP in TR fading can be derived as
2 that is half of that of general TWDP fading channels. From the result that the slope of average PEP curve vs. SNR (i.e., diversity order), corresponding to TR fading case of Fig. 1 in [4] , seems to be almost the same as those of other scenarios, we obviously note that the existing expression for average PEP over TR fading (i.e., (17) in [4] ) might be incorrect.
Numerical Results
In this section, we present some numerical results for the derived highly accurate closed-form formulas for the average upper bound on the overall PEP of MCIK-OFDM with a greedy detector in TWDP fading, along with the asymptotic expressions. In Fig. 1 , for the set of channel parameters, (K, ∆) = {(10, 0.8), (20, 0.5)}, where N = 8 and L = 4, we plot the analytical curves obtained from the derived average upper bound on the overall PEP expressions using the exact MGF, and those from the existing formulas based on the corrected approximate PDF of SNR for TWDP fading channels † with varying M. In addition, we also perform Monte Carlo simulaton and present the corresponding average PEP curves. From the figure, it is revealed that the derived upper bound on PEP using the exact MGF for TWDP fading (i.e., (9) ) are somewhat different and more precise, compared with those from the approximate PDF of SNR in TWDP fading, which inherently have an approximation error depending on M [7] . Specifically, from the both zoomed figures in Fig. 1 , we can observe that the analytical curves from the existing formulas are changeable according to M, and also find that the tightness of existing upper bound using approximate PDF with respect to Monte Carlo simulation results is unstable for different channel parameters (e.g., † We note that there are some flaws in [4] . Specifically, the coefficients, a i , corresponding to the order of approximation of the PDF for TWDP fading, as well as α i defined as ∆cos
in (4) have been indiscriminately denoted as w i in [4, (2) ]. This flaw causes confusion in some formulas related to the average upper bound of the overall PEP (e.g., (13) in [4] ). Based on the corrected approximate PDF of TWDP fading as (4), we can thus correct (13) in [4] (K, ∆) = {(10, 0.8), (20, 0.5)}). Accordingly, our derived formula for the average upper bound on the PEP is obviously more reliable than the existing approximate PDF-based formula (i.e., [4, (13)]). Fig. 2 demonstrates that the asymptotic results show the remarkable agreement with the derived accurate average upper bound on the overall PEP in TWDP fading and the special cases (i.e., Rayleigh, Rician, and TR fading) in the high SNR regime, which clearly verifies the accuracy of our asymptotic analysis. The obtained closed-form asymptotic formulas, therefore, provide more physical insights into the achievable error probability performance such as modulation gain and diversity order. Here, it is further noteworthy that for the case of TR fading, the asymptotic diversity order apparently decreases by half compared to those of other TWDP fading conditions, whereas Fig. 1 in [4] indistinctly presents the diversity order of TR fading, which seems to be almost the same as those of other channel conditions.
Conclusion
By adopting the exact MGF of the SNR for TWDP fading, more compact and accurate closed-form formulas for the average upper bound on the overall PEP of MCIK-OFDM with the greedy detection have been derived particularly over TWDP fading channels. The derived expressions enable us to successfully mitigate the inevitable imperfection and instability of existing PEP formulas, resulting from the intrinsic approximation error according to the approximation order. Furthermore, from the derived formulas, the corresponding asymptotic expressions have been also presented for large SNR, which can provide further quantitative and informative insights into the achievable error probability performance. In particular, the achievable modulation gain can be straightforwardly predicted from the derived asymptotic formulas for different system parameters (i.e., N and L) and channel parameters (i.e., K and ∆), while maintaining the asymptotic diversity order of 1 or 
